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Abstract—The U.S. LHC Accelerator Research Program
(LARP) has started the fabrication of 3.7-m long NBESnh
guadrupole models. The Long Quadrupoles (LQ) are Proof-of-
Principle” magnets which are to demonstrate that NESn
technology is mature for use in high energy partid accelerators.
Their design is based on the LARP Technological Quiaupole
(TQ) models, developed at FNAL and LBNL, which havelesign
gradients higher than 200 T/m and an aperture of 9Gnm.

The plans for the LQ R&D and a design update are pgsented
and discussed in this paper. The challenges of fabating long
accelerator-quality NbsSn coils are presented together with the
solutions adopted for the LQ coils (based on the T@xperience).
During the fabrication and inspection of practice oils some
problems were found and corrected. The fabricatiorat BNL and
FNAL of the set of coils for the first Long Quadrupole is in
progress.

Index Terms—LARP, Long magnet, Nb3Sn, Superconducting
magnet.

. INTRODUCTION

HE development of long coils for NBn accelerator
magnets has achieved significant milestones inpiust
few years. The LARP (LHC Accelerator Research Raogr
reached 90% of the short sample limit (s.s.l.) Wi#501 [1] a

Long Racetrack magnet (LR) made of two 3.6-m lon
racetrack coils supported by an aluminum-shell-thase

structure preloaded using bladders and keys; aft @bthe
s.s.l. with LRS02 [2], a reassembly of the LRSOilscasing a
segmented aluminum-shell-based structure. At FNAIOL,
a Long Mirror magnet (LM) with a 2-m long cos-thetail,
reached the s.s.l. [3]; and LMO02, with a 3.7-m locwjl,
although limited by conductor instability, eveniyaleached
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87% of the s.s.l. [4] (without taking into accoutie
temperature increase) when heaters were used rease the
temperature of the outer layer.

The performances of these magnets show that several
challenges for the fabrication of B#n coils [5] in the 2-4 m
length range have been overcome, although a fewirem

The most significant challenge that remains to deed is
the heat treatment of long accelerator-quality®bcoils. The
Long Quadrupole (LQ) R&D is addressing this chailen
aiming at a gradient equal to or higher than 20@ 1 a 90-
mm aperture with 3.3-m NBn coils.

[I. LONGQUADRUPOLEDESIGN AND PLANS

A preliminary design of the Long Quadrupole, witirete
options for the support structure, was presentd@]inFurther
analysis and optimization have generated a nevgdexi the
long aluminum-shell-based structure [7]. A modekied new
design is presented in Fig 1.
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Fig. 1. Solid model of the LQ with aluminum-shielised structure (LQS).

The main features of this new design (LQS) are: the
aluminum shell is made of four segments, the rodemhd pre-
load are closer to the coils, the cross-sectiomgddsas been
optimized to assure more uniform pre-load of inaed outer
layer, masters are used to facilitate keys and delexd
insertion. The successful test of LRS02 [2] haswshdhe
feasibility and advantages of a segmented alumisheil, as
planned for the LQS structure.

More details about the LQ design can be found jn[f8.

This design work and additional feedback from TQynet



tests [10], [11] contributed to the generationted R&D plan
presented at the LQ Magnet Structure Review [18k Main
features of the plan are: (i) procurement of bdiklls and
collar-based structures in 2008; (ii) use of thellshased
structure for the first LQ (LQSO01); (iii)) in casd successful
LQSO01 test: second assembly of the shell-basedtstruwith
new coils (LQS02), and reuse of LQS01 coils with tollar-
based structure (LQCO01).

The advantages of this plan are: (i) a large prilibatof
success within 2009 by developing both structusgsich
provide backup and options; (ii) it builds a larged unique
set of expertise and experimental data for thegdesf the
structure for the LHC phase-Il upgrade prototyped(for any
other future use of Nf$n in accelerator magnets).

ColIL FABRICATION

A. The Challenge
The challenge of performing the heat treatment asfgl

accelerator-quality N§sn coils is due to the requirement of

tight coil confinement in order to assure, for metgfield
quality: precise location of each turn, uniformi&jong the
whole length, and reproducibility from coil to coilhis
requirement is in conflict with the need to accondate the

coil volume expansion due to the {8im phase formation, and

the different thermal expansion and contraction tbé
materials involved with the heat treatment: condyctoil
pole (sometime referred to as island), and readixbure.

(/ & ]
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Fig. 2. Model of the reaction fixture used for firet LQ Nb3Sn practice coil
showing: end plate, base plate, 76-mm long mardosks, 0.25-mm thick

stainless steel liner, 76-mm long block defining toil OD, side bars, end
plates, and gaskets made of thin-wall stainlesopper tubes.

B. The Reaction Fixture and Procedure

The LQ reaction tooling is based on the TQ doulaleity
mold, with some significant differences: (i) the Lt@bling is
designed to perform the reaction and impregnatfoone coil
at a time (assuring better coil symmetry); (ii) tbal inner
surface and mid-planes are supported and confingd
precision wire-cut blocks. The main components bé t
reaction fixture used for the heat treatment of fingt LQ
NbsSn coil are shown in Fig 2. They consist of: a 3.4eng
base plate, 76-mm long mandrel blocks, a 0.25-mick th
stainless steel liner, 76-mm long block setting tbd outer
diameter, side bars, end plates, and gaskets nfatieravall
stainless or copper tubes. The closed cavity mefihés the
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coil size precisely, ultimately assuring the magrietid
quality.

Fig 3 shows the material added to the coil in prafian for
heat treatment, at the beginning of the LQ R&D: @66-um
ceramic cloth on the inner surface, two 250-um roéza
clothes (or S2-glass clothes providing the sameal tot
thickness) on the coil outer surface, and a 125staimless
steel shim on each coil mid-planes. The fixturetyas closed
using 19-mm size stainless steel bolts with a nafriorque of
217 Nm (160 ft-Ibs). When the cavity is closed thece is
reacted by the fixture. The maximum applicable gues on
the coil is 40 MPa.

During reaction, the oven temperature is monitored
continuously by thermocouples placed around andimvithe
reaction fixture. The reaction cycle was testedstsand and
cable samples, and TQ magnets using the same donduc
(RRP 54/61 by OST). The steps of the LQ heat treatm
cycle are:

- ramp from 20 C to 210 C at 258 C/hr;

- hold at 216 C for 72 hr

- ramp from 210C to 400 C at 28 C/hr;

- hold at 400 C for 48 hr

- ramp from 400C to 640 C at 56 C/hr;

- hold at 640 C for 48 hr

- ramp from 648 C to 20 C in 48 hr;

titanium outer pole

250um
ceramic
and
binder Q 500 pm
sheet
:> 250 pm
/x / 250 pum

125um stainless shim titanium inner pole

250 um ceramic and binder sheet
Fig. 3. LQ coil cross-section during heat treatmsimowing: cable stacks
(made of cables, cable insulation, and wedgeshititn pole parts, ceramic
clothes, and stainless steel shims on the coilptddes.

Gas tight reaction furnaces are used at FermilabBaxL
with 99.99% pure argon gas to perform the coil liestment.
Two gas supplies are used, one for the furnacemwlwith a
flow rate of 24 L/min (50 SCFH) and one for the atéan
tooling using a gas flow rate of 12 L/min (25 SCFHhese
flow rates maintain a small positive pressure withhe
reaction fixture and the furnace. Exhaust gas $s@a through
a filter to capture oil from the cable that wasdiser strand
manufacturing and palmitic acid, a binder for thable
E\sulation. Temperature uniformity within the fuoeavolume
can be maintained within £3° C at all three tempem
plateaus.

C. First NbsSnh Practice Caoil

The fixture shown in Fig 2 presented a bowing ofr3¢h
after the heat treatment of the first4Si practice coil (LQ02).
The bowing caused the fixture to touch a flat stefanly at
the ends when oriented as in Fig 2. The fixtureabez flat as
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soon as the bolts were released. The bowing wadatiee whole fixture, was added on the top of the block®ider to

reaction of the base plate to a longitudinal faapplied on a increase the rigidity of the fixture and making rtore

different plane (causing a moment) by the coil andtle rest symmetric, in order to prevent any other possitdeise of

of the fixture. Three possible causes were idettifand bending (Fig. 5).

evaluated:

= The coil expansion due to the NbsSh formation: if the
cross-section of the fixture cavity is too tighe tboil may
have a significant longitudinal growth [13]. If dtion
prevents this growth the coil applies a longitudlifuace
to the fixture.

= Non-uniform longitudinal expansion/contraction of the
reaction fixture during heat treatment: if the blocks of the
fixture do not expand and contract as much as lhe,p
they may cause a longitudinal force.

= Different thermal expansion/contraction of the coil pole
and of the fixture: the pole is made of Ti-6Al-4V alloy, p. Sacond Nb,Sh Practice Coil

the reaction fixture of 304 stainless steel, whicve . : .
significantly different thermal expansion in thenga 26 Th? se_cond NJS“ Practlce_ Coil (LQO‘S:)’ reacted W!th the
to 640 C. The coil cross-section grows during the;Sib modifications described previously, didn’t show abtyfm_ng.
formation, increasing the friction between the paled Nonetheless other problems were found during inspec
after the heat treatment. The inner-layer pole slawter by

the fixture. The pole applies a longitudinal foriteit s
cannot slide with respect to the fixture duringldovn. ~ 4-3 MM, and the outer-layer pole by 0.3 mm. In ol the

An analytical model of the fixture, used to comptie inner-layer pole had approximately 550 Kg of conspiee
force necessary to cause the bending of the base (1250 longitudinal load (measured when the central paiet_;was
kN), disproved the first hypothesis because the imam removed_). After the centra_ll_ pole part was removkd,inner
force that the coil can apply is orders of magrétsmnaller. layer coil shrunk by additional 0.5 mm. The outeslep
All parts of the reaction fixture were subjectedatgre heat however, did not have any longitudinal compressiBoth
treatment (125 hours at 650) in order to avoid any change inner- and outer-layer coil ends showed a highenmaction
during coil heat treatments. Measurements of paiter the after the heat treatment, resulting in a shorteroh@ mm
heat treatment of LQO2 showed no changes. In aadi (inner layer coil) and 1.2 mm (outer layer coil).
this, the location and amount of gaps among thekislof the Normally, the inner layer pole pieces would norégoved
fixture disproved the second hypothesis. The difiee after reaction, as they were not removed on the cbis.
between the expansion of the fixture and the poE8i6 mm. Therefore it is not known whether tension on theemlayer
Therefore each pole tip should slide by 9.3 mmhwitspect €Xisted in the TQ coils. Presently there are na datiout
to the fixture, during the final cooldown. If slitijn less than POssible TQ coil length changes after the reactidre high
half this displacement is prevented by frictione tresulting t€nsion on the inner layer of LQO3 was discoveréutwthe
force could cause the measured bowing. Ceramiegl&s Outer poI_es were removed for ob_servat|on of thcendayer,
cloth can cause high friction between fixture, palad coil. and the inner layer began to spring upward duehéohigh
Therefore it was decided to change the materiatosading c0lumn loading on the inner pole pieces.

the coil during the heat treatment, and to adoptdtheme  AS @ result of these observations, the LQ coil potion
shown in Fig 4. was stopped for about six weeks. Check of matprigberties,

modeling, measurements and tests took place at BNIAL

125um -
mica sheet titanium outer pole and LBNL in order to understand the issue beforeg@eding
with the next LQ coil reaction. The most releveagults were:
=  Titanium pole creep: the Ti-6Al-4V alloy can be subject
250pm 500 um to significant creep during the 48-hrs plateau4d’ & if
ceramic . .
ad — % small pressure is applied [14].
binder 250 pum = Winding tension: the winding tension (16 Kg) generates a
sheet \ / 250 um force at each pole tip trying to shorten the pdibe
/ H central pole parts of two LQ coils were removedemaft
125um titanium inner pole curing the ceramic binder, and the coils shrunk2t®3
mica sheet _ mm. The shrinkage occurred slowly during a few days
125um mica because the binder holds some tension.
250 um ceramic and binder sheet sheet * Cable shrinkage during heat treatment: each LQ cable
Fig. 4. New LQ coil cross-section during heat tmeent showing: cable undergoes a partial annealing (2 hours at’Z5)0during
stacks, titanium pole parts, ceramic clothes, aiu tayers. fabrication. However this is not sufficient to peew
further shrinkage at the beginning of the heattineat.
In this new configuration mica sheets cover all taoh An LQ cable, extracted from the oven when the stahd
surfaces between the coil package (conductor ate) pmd LQ heat treatment was stopped after 36 hrs af @00

the fixture, assuring good sliding. Another platg Jong as the showed shrinkage by 0.39% at room temperature (RT).
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= Coil thermal contraction from 640° to 20° C: the coil understanding. A finite element analysis of the ctiem
thermal contraction during the cooldown was comguteprocess is also planned when adequate understaoélitige
by comparing coil and gap dimensions, before amer af related material properties will be achieved. Aalgsis of the
heat treatment, in coils of the TQOl-series (witlturing process has started in order to avoid stepthe coil

aluminum bronze pole and gaps), the LR and the Ti&
most precise result was obtained by the analysiERof
coils showing that the thermal contraction wasdairan
8.3 mm/m. The thermal contraction of Ti-6Al-4V ihet
same temperature range is 6.1-6.5 mm/m (depending
sources) [14], [15]. \
Different azimuthal load: Tests with pressure sensitive®
films revealed a 38@um “step” between the inner and

mid-plane.

S

= :

Fig. 4. L coil on winding mandrel with centrallpgarts removed after

outer layer on both midplanes (the inner layer ®eingyring (the arrow points to the missing pole parts)

“shorter” in azimuthal direction) after curing. Bhistep”
can cause different azimuthal loads during reaction

Based on these observations, the present undergjaofl
what happened during LQO3 reaction is:
1. At the beginning of the heat treatment (up to tB€°4C

plateau) the coil contraction increased the pressuarthe
pole tips caused by the winding tension.

still under pressure because the previously meation
factors overcame the small thermal expansion optie.

3. During the 640 C plateau the pole shrunk under this load

because of creep.

4. During the cooldown from 64Qo 20 C the coil thermal

The outer layer showed negligible pole shrinkagd aa

contraction, higher than the pole thermal contoexti
caused the longitudinal force.

I1l. CONCLUSION

The LQ R&D has started the fabrication of the IdigsSn
coils after finalizing the design of the supponusture and
plans. Some problems, found during inspection &f filnst
practice cails,
. understanding of the heat treatment process. Adtmne
2. When the 640 C plateau was reached the pole fips Ve odifications the LQ coil fabrication was restartgching at

testing the first LQ in summer 2009.

caused delays but also an improved
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coil tension. This different behavior may be expéal by the Preparation for heat treatment.
larger azimuthal pressure during heat treatment.

Because of these findings and understanding thewfislg

modifications were introduced in the LQ coil falation [1]
procedures:

Winding and curing: the coils are wound and cured withy
gaps among pole parts (nine gaps of 0.6 mm) foligwi
the procedures used for the TQO1 coil series. Tihding
tension is reacted by hooks connecting both pqle tb (3]
the ends of the winding mandrel. The tension isoneed
after the final curing by slowly releasing the hawmk the [4]
return end. The total gap should be reduced by Rr&f
mm) after tension is removed. 5]
Inner and outer layer curing: presently there is not g
sufficient understanding of the causes of the ntesh@
step to implement modifications to the LQ fabrioati [7]
process. However a reduction of the width of théeou
layer pole parts by 0.15 mm (decided after measenem (g
of LQO2 cross sections) may reduce it.

Heat treatment: the gaps should accommodate the coil
shrinkage during heat treatment, avoiding the poéep
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